Purpose-This study examined the association of post-treatment changes in cognitive performance, APOE and smoking in breast cancer patients treated with adjuvant therapy.
performance on measures of processing speed and working memory compared to those with a smoking history and healthy controls. Exploratory analyses revealed that APOE4+ patients without a smoking history who were exposed to chemotherapy showed a decline in performance in processing speed, compared to patients with a smoking history. A similar, but less pronounced pattern was seen in the no chemotherapy group (primarily endocrine treatment). For working memory, the APOE4+ by smoking interaction was observed in the no chemotherapy group only.
Introduction
Increasing evidence suggests that breast cancer treatments (including chemotherapy and endocrine therapies) can cause long-term post-treatment cognitive changes as measured by performance on neuropsychological tests and imaging measures of brain structure and function [1] [2] [3] . Several specific mechanisms for cognitive change have been proposed including treatment-induced DNA damage, oxidative stress, and stimulation of neurotoxic cytokines [4] . However, other investigators have proposed a broader model implicating the interaction of cancer treatments and the biology of aging, resulting in an acceleration of the aging process [2] [3] . Recent studies have suggested that older patients are more vulnerable to the cognitive decline associated with chemotherapy [5] and tamoxifen [6] . Further, age appears to interact with other risk factors like cognitive reserve to increase vulnerability to post-treatment cognitive decline (i.e., older patients with low pretreatment cognitive reserve, exposed to chemotherapy demonstrated reduced performance on measures of processing speed [5] ).
The accelerated aging model leads to the hypothesis that cancer treatments should interact with genetic factors that influence cognitive aging. Apolipoprotein E (APOE) has been studied extensively in relation to cognitive functioning and the APOE4 allele has been associated with cognitive changes associated with normal aging as well as a variety of disorders with prominent cognitive dysfunction (e.g.,Alzheimer's disease) [7] . ApoE is a complex glycolipoprotein that facilitates the uptake, transport, and distribution of lipids. It appears to play an important role in neuronal repair and plasticity after injury. A four exon gene codes for APOE on chromosome 19 in humans, with three major alleles: E2, E3, and E4. These alleles differ in amino acids at positions 112 and 158: E2 (cysteine/cysteine), E3 (cysteine/arginine), and E4 (arginine/arginine). The relationship of the APOE genotype to neuropsychological performance was examined in a cohort of long-term cancer survivors treated with standard dose chemotherapy. Survivors with at least one APOE4 allele scored significantly lower in the visual memory and spatial ability domains, with a trend to score lower in executive functioning, compared to survivors who did not carry an APOE4 allele [8] .
Typically, smoking is associated with a variety of negative health outcomes, including accelerated cognitive aging [9] . However, research suggests that the detrimental effect of APOE4+ status on cognitive aging may be moderated by smoking history. In APOE4+ individuals with a smoking history, smoking has a less detrimental effect on cognitive aging as compared to APOE4− smokers [9] [10] [11] [12] . A putative mechanism explaining the protective effect of smoking is that APOE4 carriers have fewer nicotinic receptor binding sites and lower activity of choline acetyltransferase (lower dopamine activity in frontal cortex) as compared to non-carriers, and smoking may correct this deficit [9] [10] [11] [12] .
Therefore, the associations among APOE status, smoking history, exposure to cancer treatments and post-treatment cognitive performance were evaluated within the context of a longitudinal study in which early stage breast cancer patients exposed to chemotherapy or not exposed to chemotherapy were evaluated with neuropsychological tests prior to the beginning of adjuvant therapy and at three follow-up assessments and compared to a matched healthy control group. The specific hypothesis evaluated whether breast cancer treatments interact with APOE4+ carrier status to cause a greater decrease in neuropsychological test performance compared to healthy controls and whether this effect is moderated by smoking history.
Participants and Methods
As described in our previous paper [5] , consecutive newly diagnosed female breast cancer patients scheduled to receive adjuvant chemotherapy (N=60) or no chemotherapy as part of their adjuvant treatment (N=72) were recruited from the Breast Cancer Service of the Norris Cotton Cancer Center. Patients were eligible for participation if they were: 1) Diagnosed with noninvasive (Stage 0) or invasive (Stage 1, 2, or 3A) breast cancer; 2) Undergoing first treatment with systemic chemotherapy or surgery and/or local, non-CNS radiotherapy; 3) Between 18 and 70 years of age at time of diagnosis; 4) Fluent in English and able to read English. Patients were excluded based on the following criteria: 1) CNS disease; 2) Previous history of cancer (except basal cell carcinoma) or treatment with chemotherapy, CNS radiation, or intrathecal therapy; 3) Neurobehavioral risk factors including history of neurological disorder (e.g., Parkinson's disease, seizure disorder, dementia), alcohol/ substance abuse or moderate to severe head trauma (loss of consciousness >60 minutes or structural brain changes on imaging); 4) Axis I psychiatric disorder (DSM-IV) (e.g., schizophrenia, bipolar disorder).
Female healthy controls (N=45) who met the same inclusion (except for cancer diagnosis) and exclusion criteria were recruited through community advertisements. Healthy controls were frequency matched to patients on age and education. The methods and procedures were approved by the Committee for the Protection of Human Subjects of Dartmouth College and all participants provided written informed consent.
The pre-treatment assessment occurred following surgery, but prior to initiating adjuvant therapy. Follow-up assessments for patients treated with chemotherapy were conducted at 1, 6, and 18 months post-treatment. The test-retest interval for the first follow-up assessment for patients not exposed to chemotherapy and healthy control participants was frequency matched to the interval for the chemotherapy patients. Neuropsychological tests were grouped into domains to reduce the number of statistical comparisons based on expert opinion (AJS and BCM) guided by a factor analysis as described previously (13 
Smoking status
Participants self-reported smoking history (current, former, or never smokers), Based on the response each participant was coded as 'ever smoked' or 'never smoked'.
APOE Testing
Genotyping was performed in the Molecular Genetics Diagnostic Laboratory at the Dartmouth-Hitchcock Medical Center using standard techniques [21] . Briefly, genomic DNA was isolated from peripheral blood lymphocytes. APOE specific primers were used to amplify a fragment of the APOE gene by PCR, and the PCR product was digested using Hha1. The digested DNA was electrophoresed on an agarose gel and visualized under UV light using ethidium bromide. Alleles were determined based on the size of the fragments which was determined by each allele's unique Hha1 restriction map.
Statistical Analysis Standardized domain scores
To facilitate the interpretation of study findings across different neurocognitive domains listed above, the domain scores were standardized by the means and standard deviations of the non-cancer controls as norms within the same domain. Thus the standardized domain scores were mapped onto a comparable z-score scale. Overall, 89% of study participants completed all assessments.
Change scores since baseline
The baseline standardized domain scores were subtracted out of the standardized domain scores at post-treatment, 1, 6, and 18 months post-treatment to form the standardized change scores. Change scores since baseline have several practical advantages: 1) they yield clearly interpretable indications of the directions of individual change with precedence for their use in the literature [22] ; and that 2) they help reduce noise due to individual variability at baseline.
Overall analytic approach
The overall analytic approach for this study followed that of our previous study [5] . Briefly, data visualizations such as plots of profiles of longitudinal neurocognitive performance over time were first carried out to summarize the data pattern. A mixed-effects model was then fitted. For each neurocognitive domain of interest, longitudinal change scores at 1, 6, and 18 months after treatment were fitted as the dependent variable (or the equivalent time periods in the yoked no chemotherapy and control groups). We began the analyses with the primary outcome of processing speed because previous work has showed that it was particularly sensitive in detecting treatment differences (2, 5) . We first compared the patients against the controls and then further divided the patients into chemotherapy and no chemotherapy subgroups. This approach was taken because of increasing evidence showing that multiple aspects of breast cancer treatment contribute to post-treatment cognitive decline, including chemotherapy and endocrine therapy [2] .
Covariates were entered as continuous fixed effects to adjust for baseline individual differences, including age, education, and baseline processing speed. The baseline processing speed was included to provide control over bias due to the common phenomena of 'regression to the mean' whenever longitudinal assessments are made (23) . Also included as fixed categorical effects were time (as discrete assessment time points), group (patients vs. controls), APOE4 status (E4 allele absent or present), and history of smoking (a history of smoking vs. never smoked) by participant self-report. Pairwise two-way interaction terms were added between APOE4 status, group, and smoking history. Finally, a three-way interaction between these three factors completes the fixed effects. Random intercept terms allowed for participant-specific effects. As a precaution to control for potentially inflated pvalues in slightly unbalanced group sizes and small samples in some sub-groups, the Kenward-Roger adjustment [24] [25] was applied as part of the F-statistic for fixed effects.
Embedded in this full model are several research hypotheses testable by specific a priori statistical contrasts using the best linear unbiased estimates (BLUEs) for the fixed effects [26] , including the main effect of APOE, the interaction of APOE and group, and the interaction of APOE, group and smoking history. The BLUEs are more parsimonious than the conventional approach of multiple post-hoc comparisons after a statistically significant Type-3 F statistic. The BLUEs are also more specific, for example, in addressing the extent to which APOE4 status conferred a detrimental influence in neurocognitive outcomes, more so among cancer patients as compared with controls (analogous to a two-way, APOE4 by group interaction in a conventional Type-3 test). Furthermore, a more detailed BLUE can drill down to examine, for example, whether or not the detrimental effects associated with an APOE4 positive status is more prominent for patients without a history of smoking as compared to controls. Despite its complexity, the full 3-way model affords the exploration of several important research questions. These BLUE estimates will be primary focus of the Results section. The mixed models were fitted with the PROC MIXED procedure in SAS (version 9.2; SAS Institute, Cary, NC).
Results
APOE genotyping was available for 55 (92%) patients treated with chemotherapy, 68 (94%) patients not treated with chemotherapy and 43 (96%) healthy controls. Examination of the demographic data (Table 1 ) demonstrated that the groups were well matched on education, and race/ethnicity; however, patients not treated with chemotherapy were significantly older (p=0.003). Smoking prevalence was similar across groups (>50%); however, the majority of participants were former smokers. Figure 1 plots the profiles of observed longitudinal assessments of processing speed over time, stratified by group (patients vs. controls) and smoking history. The profiles are further divided by APOE4 status. Among the non-cancer controls (top two subplots), there appears to be no visible separation between the profiles of individuals who were APOE4-positive ('APEO+') and APOE4−negative ('APOE4-'), as can be seen in the overlapping error bars. All four profiles appear to follow the overall pattern of gradual improvement over time, with greatest improvements generally found between baseline and 1-month post treatment. Among the patients, the profiles appear more flat than those in the controls. Slight improvements are seen between baseline and 1-month post treatment, with the unique exception observed in APOE4+ patients who had never smoked. A decline is found in that group, up to 1-year post treatment, followed by a small recovery back to the baseline level at 2-years post treatment.
The visual observations in Figure 1 were supported by the mixed model BLUEs. There was no overall APOE4 effect (BLUE = −0.022, 95% CI: −0.142 -0.096; p = 0.704), no APOE4 by group effect (BLUE = −0.155, 95% CI: −0.392 -0.082; p = 0.198), and no APOE4 by smoking effect (BLUE = −0.096, 95% CI: −0.337 -0.145; p = 0.433). We further examined the unique pattern in Figure 1 , the declining processing speed in APOE4+ cancer patients who had never smoked. The 3-way contrast showed a worse outcome in APOE4+ patients without a smoking history as compared to controls (BLUE = −0.540, 95% CI: −1.015 -−0.064, p = 0.0263).
To facilitate the interpretation of these estimates, Figure 2 illustrates the observed posttreatment processing speed change scores (z-scores), averaged over the three followup time points, across the cohorts by contrasting the combined patient groups and controls ( Figure  2(A) ). The error bars represent 95% confidence intervals of the model-fitted BLUEs. In Figure 2 (A), the lowest bar comes from APOE4+ patients who had never smoked; whereas all other bars show improved performance, a pattern consistent with what was observed in Figure 1 . We found worse processing speed change among APOE4+ patients without a smoking history (contrast (a), BLUE=-0.366, 95% CI: −0.578 -−0.153, p = 0.0009). However, among individuals in the control cohort, we found no detrimental effect of APOE4+ and smoking history (p = 0.4247, (b)). A further comparison showed that the detrimental effect in APOE4+ individuals without a smoking history was more pronounced in patients as compared to controls (p = 0.0263, (c), BLUE = −0.540, 95% CI: −1.015 -−0.064, p = 0.0263). Figure 2 (B) further examines the difference between the two patient subgroups against the controls. The decline in processing speed was most distinct in patients treated with chemotherapy, at an observed average of −0.245 and a model-based confidence interval excluding the null. There was an APOE4 by smoking history interaction within the chemotherapy group (p = 0.006, (a)) and the no chemotherapy group (p = 0.050, (b)). By contrasting the BLUE effects in patient groups against that of the non-cancer controls, the detrimental effect in APOE positive, never smokers was more pronounced in chemotherapytreated patients as compared to non-cancer controls (p = 0.023, (d)).
To further investigate whether or not similar result patterns were found in the other neurocognitive domains, we estimated the same effect in APOE4+ patients who had never smoked (chemotherapy and non-chemotherapy patients combined) as compared to controls. The results are summarized in Figure 3 . The x-axis represents the magnitude of the standardized change scores (z-scores), with a negative value indicating that APOE4+, never smokers were worse off than ever smokers, and this discrepancy was greater in patients than in controls. This comparison was the same as, for example, the BLUE contrast (c) in Figure  2 (A) for processing speed. In Figure 3 , the points represent the BLUE estimates with corresponding error bars representing the 95% confidence intervals of the estimates. Figure  3 shows that statistically significant detrimental effects in APOE4+ patients who had never smoked were also found in working memory in addition to processing speed, shown by the error bars excluding the null. A similar interaction of APOE4 and smoking history was seen for working memory when comparing patients and controls (p=0.019).
We further examined the working memory effect by plotting in Figure 4 the observed changes in working memory scores between the three groups to explore whether or not the detrimental influence of APOE4 on non-smokers was more prominent in chemotherapytreated patients than non-chemotherapy-treated patients. Overall, the observed averages in Figure 4 are accompanied by wide error bars, the working memory domain had considerably higher variability than those in the processing speed domain. Specific statistical contrasts show that the APOE4 effect on non-smokers was more prominent in the no chemotherapy group (p = 0.0112, contrast (e)) but not in the chemotherapy-treated patients (p = 0.0793, (d)), as compared to controls.
Discussion
There is consensus among investigators involved with the International Cognition and Cancer Task Force that only a subgroup of patients experience long-term post-treatment cognitive changes [1] . Therefore, the identification of risk factors that confer vulnerability to post-treatment cognitive change is critical to advancing the field. In our previous study, we identified age and cognitive reserve as important factors impacting post-treatment cognitive performance. In the current study, we examined APOE4 allele status as a risk factor for post-treatment cognitive decline. Since multiple aspects of cancer and treatment impact cognitive decline [1] [2] , we examined the influence of APOE status on post-treatment cognitive functioning in patients compared to healthy controls. No main effect for APOE or interactions of APOE and group were found. However, this analysis revealed that APOE4 was a risk factor for decline in the domains of processing speed and working memory, but only in patients without a smoking history. APOE4+ patients with a smoking history did not demonstrate the same pattern of decline, suggesting that smoking moderated the effect of APOE status.
The impact of treatment was then explored by dividing the patient group into chemotherapy exposed versus no chemotherapy groups. The interaction of APOE4 and smoking was more dramatic in the chemotherapy group for the processing speed domain, but remained to a lesser degree for the no chemotherapy group. However, for the working memory domain, the interaction was significant only for the no chemotherapy group. However, the precise pattern of results for treatment groups should be interpreted with caution since the cell sizes for certain groups are quite small.
The moderating effect of smoking in APOE4 carriers has been found in studies of cognitive changes associated with aging [9] [10] [11] [12] and of risk for Alzheimer's disease [27] . Although the mechanism for the moderating effects of smoking is not completely understood, one plausible explanation is that smoking corrects a deficit in nicotinic receptor binding sites and reduced dopaminergic activity [9] [10] [11] [12] 27] . The role of dopamine in post-chemotherapy cognitive decline has been supported by results suggesting that breast cancer patients who were treated with chemotherapy and were carriers of the Val allele of catechol-omethyltransferase (COMT), associated with lower levels of dopamine in prefrontal cortex, performed more poorly post-treatment compared to patients with the Met allele [28] . The role of frontal and prefrontal cortex in mediating the impact of chemotherapy-induced cognitive change has also been supported by imaging studies which have found changes in brain structure and function, primarily in frontal regions [29] [30] . For patients not exposed to chemotherapy, the effect may be due to the impact of reduced estrogen levels in shaping dopamine-dependent cognitive functioning [31] since the majority of patients in this group were being treated with endocrine therapy.
It is noteworthy that the moderating effects of smoking were seen despite the fact that the majority of participants were not current smokers. Animal studies have demonstrated that even brief exposure to nicotine in adolescence can have a long-term impact on brain function [32] , suggesting that there may be a critical period for smoking to have a moderating effect on the interaction of APOE and exposure to chemotherapy. The small number of current smokers may also account for the lack of a negative impact of smoking on APOE4− individuals, as has been found in previous studies (9) (10) (11) (12) .
Finally, these results, in combination with the prior COMT study [28] , suggest that dopaminergic activity is one mechanism explaining post-treatment cognitive decline, and that interventions that stimulate nicotinic activity (e.g., nicotine patch) and/or enhance dopaminergic activity (e.g., certain antidepressants) may be protective for APOE4+ individuals without a smoking history. APOE status is not routinely assessed prior to treatment of breast cancer; however, as the field moves toward personalized medicine, APOE may be a candidate gene to consider adding to a pre-treatment gene array.
The above discussion is meant to provide a synthesis of findings from other areas which provide potential plausibility for the pattern of results found. However, we recognize that this discussion is highly speculative and should be interpreted with caution. On the other hand, it provides a context for understanding the current results and leads to testable hypotheses for future research.
The pattern of results from this study and our work examining age and cognitive reserve also provide a potential explanation for the inconsistencies seen in the results of recent longitudinal studies. The mixture of patient characteristics may impact on the degree of post-treatment cognitive change seen. For example, if the patient population is younger, more educated (higher cognitive reserve) and/or the prevalence of APOE4 and smoking varies, then there is less likelihood of finding a difference than if the sample consists of older, less educated (lower cognitive reserve) patients with a higher APOE4+ rate and lower rate of smoking history. Further, these results suggest the need to conduct purposeful recruitment based on patient characteristics so that there is sufficient power in the study sample to address specific hypotheses regarding treatment exposures and patient characteristics.
Additionally, as other studies have found, these results demonstrate that the majority of breast cancer patients show no clear evidence of deficits in cognitive performance, which is good news for patients making treatment decisions and survivors who are making the transition to their pre-diagnosis routines. However, those survivors who do experience posttreatment cognitive changes may feel that their cognitive problems are not "subtle" (as frequently described in the literature) as they struggle to return to work and school. Therefore, the extent of cognitive change may have been underestimated in the vulnerable subgroup of patients because the overall effect is attenuated by the majority of patients that improve.
The strengths of this study include the longitudinal assessment, including pre-treatment assessment, and the inclusion of breast cancer patients not exposed to chemotherapy and healthy women as comparison groups. The limitations include the small sample sizes in various subgroups and the lack of ethnic diversity in the sample. Further, due to sample size constraints, we were not able to compare current smokers with former smokers or interactions with age and cognitive reserve. Also, the domains identified in this study are different than the ones found in our previous study (visual memory and spatial ability). This discrepancy may be related to use of different measures or the impact of study design (longitudinal vs. cross-sectional) on the pattern of cognitive outcomes as discussed by Jim et al. [33] . Consequently, replication of these results is clearly necessary. However they provide interesting, hypothesis-generating data interactions of genetic, behavioral and treatment exposure factors that confer risk for post-treatment cognitive decline and point toward testable hypotheses regarding potential mechanisms and treatment / preventative strategies. Specific statistical contrasts were applied to test, in subplot (A): APOE4 and smoking history within patients (contrast (a)); APOE4 by smoking history interaction within noncancer controls ((b)); and whether the pattern of the APOE4 by smoking history interaction is significantly different among the patients compared to non-cancer controls ((c)). In subplot (B), the two patient groups were further stratified by cancer treatment. Estimates of the Detrimental Effects in APOE4+ patients who had Never Smoked Versus Controls Across Neurocognitive Domains. The x-axis represents the magnitude of the standardized change scores, with a negative value indicating that APOE4 positive, never smokers were worse off than ever smokers, and this discrepancy is greater in patients than in controls. The horizontal error bars represent the 95% confidence intervals of the estimates. Statistically significant detrimental effects were found in processing speed and working memory, shown by the error bars excluding the null difference. The estimated effect in distractibility fell in the negative range, although the error bars did not exclude the null. Psychooncology. Author manuscript; available in PMC 2015 December 01.
